T he understanding of how chirality is transferred and amplified across various length scales is a fundamental problem that has broad implications in nature [1] [2] [3] [4] [5] . Chirality, as observed in nature, typically shows distinct preferences and high selectivity. For instance, only d-sugars are included in the formation of DNA, and only l-amino acids in the formation of proteins, and this molecular chirality transfers in a way that controls both structure and biological functions. Experimental advances in this area may contribute to an improved fundamental understanding of the mechanisms behind chirality transfer and therefore have a direct impact on the design of new materials that mimic biological structures.
Amyloid fibrils are a chiral protein-based system, formed through the self-assembly of β -sheet aggregates into twisted or helical ribbons. Pathological amyloids have great importance in biology 6 and medicine 7 , where they are known in relation to neurodegenerative diseases such as Parkinson's and Alzheimer's, while functional amyloids play vital roles for the physical and biological function of living organisms [8] [9] [10] . Amyloid fibrils are furthermore emerging as important building blocks for bionanotechnology 11 , where they can serve as a versatile platform for new functional biomaterials 12 .
Although the amplification, transfer and inversion of chirality is known on the single fibril level for amyloids 13 , any chiral colloidal liquid crystalline phase 14 , also referred as the cholesteric phase, has so far remained elusive in this system. This is both puzzling and surprising, since their well-defined chirality at the single fibril level, would infer, a priori, the presence of cholesteric phases, in direct analogy with other filamentous biological systems such as DNA 15 , fd virus, 16 collagen 17 or nanocellulose 18 in which chiral nematic phases are routinely observed, although not fully understood. In stark contrast with other filamentous biological systems, however, cholesteric phases in amyloid fibrils are still to be found. We show, in what follows, that amyloid fibrils with well-controlled left-handedness assemble into cholesteric phases with right-handedness, opposite to the more commonly observed systems in which right-handed biological colloidal particles transfer to left-handed chiral nematic phases [19] [20] [21] . We also show that the cholesteric phases that ensue present considerable complexity in the phase diagram compared with previously known cholesteric systems. By applying scaling concepts on the energy functional, we can rationalize the main experimental findings, advancing our understanding of cholesteric liquid crystalline systems.
A rich palette of amyloid fibril liquid crystalline phases
Amyloid fibrils were self-assembled from β -lactoglobulin protein, cut into shorter rod-like particles by shearing, and purified through dialysis to remove unreacted protein (see Fig. 1a ). Transmission electron microscopy (TEM) shows a characteristic difference between the semi-flexible nature of the long amyloid fibril and the fully rigid rods of the cut fibrils (Fig. 1b,c) . The average length of the cut fibrils, analysed using our open-source contour tracking software FiberApp 22 , is < L avg > = 401 nm, n = 350 (see Supplementary Fig. 1 ), which, combined with the average height obtained by atomic force microscopy, < h avg > = 4 nm (ref. 23 ), gives an aspect ratio of about 100. TEM also confirms the left-handed chirality of the fibrils 11 , which is conserved in the cut and dialysed fibrils.
When prepared in aqueous dispersions, amyloid fibrils show an isotropic to nematic phase transition that can be well described by the Onsager theory extended to account for the charged and semiflexible nature of the particles [24] [25] [26] . Remarkably, in addition to the nematic phase, the present modified amyloid system shows a rich phase behaviour (Fig. 1d-k) , in which different phases, among which cholesteric droplets emerge at different equilibration times and sample compositions.
The phase development follows a nucleation and growth behaviour: small domains, appearing as bright birefringent droplets under the microscope, nucleate and grow with time until macroscopic phase separation is reached. The exact position within the metastable region of the phase diagram determines the fate and the final structure of the observed liquid crystalline droplets. We note that at interfacial tensions as low as those expected here, the trajectories followed by the nucleation and growth of the tactoids (the liquid crystalline droplets) can vary considerably from nominal binodal lines, leading to supersaturation effects and spread in composition of the tactoids. Although most of the observed cholesteric droplets 
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follow the classification of ref.
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, three main classes of tactoids dominate the phase diagram: (i) nematic tactoids with homogeneous director field, (ii) nematic tactoids with bipolar director field and (iii) uniaxial cholesteric droplets (see Supplementary Fig. 2 ).
theoretical considerations
To rationalize the most salient features of the observed phase behaviour, we rely on the analysis of the liquid crystalline energy landscape, by using a scaling form of the Frank-Oseen elasticity theory (see Supplementary Information for an extended discussion). A simplified case has been treated in ref. 28 for untwisted, non-chiral droplets, showing that the energy functional can be reduced into the sum of two terms: the surface contribution, scaling approximately as r 2 , and an overall elastic contribution, scaling as a volume times the square of a curvature: r , thus scaling approximately as r. Under these conditions, the theory explains well the transition from homogeneous to bipolar nematic spindle-like droplets when a critical volume is reached: if the droplets are sufficiently small, the elastic term proportional to r dominates over the surface term proportional to r 2 and the elastic energy needs to be minimized primarily by adopting spindle-like shapes of the droplets with a homogeneous nematic field; above a critical volume, the energy becomes dominated by the ∼ r 2 surface term and the energy is now minimized by anchoring the mesogens into a bipolar configuration (see discussion of energy functional theory in Supplementary Information).
When chirality exists, however, the physics needs to account for the effects arising from the chiral twist. For spindle-like droplets, such as those observed in our system, with volumes approximately equal to r R 2 , where r and α = R r (α > 1) are the short and long radii of the spindle-like droplets, a scaling form of the free energy functional including chirality features (discussed in the Supplementary Information) indicates that two distinct transitions should be observed upon increasing droplet sizes: first, a transition from homogeneous to bipolar tactoids for critical volumes V of the order of
3 and a further transition from bipolar to cholesteric droplets for critical volumes of the order of ω the anchoring strength and q ∞ the cholesteric wave number of the fully relaxed, unconstrained cholesteric phase, (2π /P ∞ , with P ∞ the corresponding cholesteric pitch). Although the homogeneousbipolar transition has been predicted 28 and observed before 29 , the bipolar-cholesteric transition has neither been postulated before nor observed experimentally.
experimental characterization of nematic and cholesteric tactoids
To test these theoretical predictions, an experimental protocol needs to be designed to provide the distinction between homogeneous and bipolar nematic tactoids on the one hand, and the measurement of the cholesteric pitch on the other. To achieve this, we turn to the amyloid fibril water system described in Fig. 1 . When prepared at a concentration within the coexistence region of the isotropic-nematic phase diagram, this system allows the nucleation of anisotropic birefringent tactoids that grow with time, as presented in Fig. 2 . Between crossed polarizers, nematic tactoids with homogeneous director field show an extinction if the director is oriented parallel to one of the main axes of the polarizers (Fig. 2a) , while the curvilinear orientation of the director in the bipolar tactoids leads to a change in texture upon rotation, with a central dark cross, but without total extinction (Fig. 2b) . The presence of this central dark cross is an important feature to identify mirror-symmetric (untwisted) bipolar nematic tactoids, ruling out chiral symmetry breaking operated by the saddle-splay contribution, such as in achiral chromonic liquid crystals 30, 31 . This, together with the striped texture of the cholesteric droplets (Fig. 2c) , allows unambiguous identification of the main classes of tactoids found in our system. Yet, for the scaling form of the Frank-Oseen elastic energy to be formally correct, the cholesteric tactoids are assumed to have an axisymmetric, spindle-like shape (that is, prolate: a spheroid with a = b < c semi-axes). In principle, however, the tactoids could also have lenticular, oblate structures (a = b > c) or even a more general non-axisymmetric ellipsoid-like structure (a ≠ b ≠ c). To rule out these potential structures, we made additional 3D measurements of the shapes of the cholesteric tactoids. In a first experiment, the cholesteric tactoids are rotated around the major axis parallel to the observation plane and passing through the poles of the apparent spindle-like droplet. If this is not the major revolution axis of an axisymmetric prolate object, differences in the minor axis should emerge during rotation, reflecting a non-constant value of the lower semi-axis (see Fig. 3a) ; we do not observe, however, detectable differences within this rotation (see Fig. 3b and Supplementary Video 1). This immediately implies (i) that the object is prolate and (ii) that the rotation axis is its main revolution axis. To further verify this finding, we perform laser scanning confocal microscopy at different depths across the apparent spindle-like droplet: if the object is not prolate, the maximum depth spanned inside the tactoid, b, must be different from the apparent minor semi-axis, a (width); in a representative example, shown in Fig. 3c , we measure c = 74 μ m; a = 61 μ m; b = 65 μ m. These two experiments support the conclusion that, although deviations from a perfect axisymmetric prolate droplet are possible, they remain small enough (< 7% difference between a and b) to justify the scaling form of the free energy.
Benchmark between theoretical and experimental findings
With these experimental data available, it now becomes possible to check the main features predicted by the energy functional. To start, we fit the aspect ratio of bipolar nematic tactoids via ∕ = for γ, the isotropic-nematic interfacial tension (see Supplementary Information), the best-fitted value yields K = 2.6 × 10 −11 N, which is a typical order of magnitude for the splay and bend constants of liquid crystals. Second, the threshold for the transition of spindle-like droplets from homogeneous to bipolar directors, which is accessible experimentally, allows us in principle to evaluate the anchoring
or simply ≈ γω r K . By taking for the threshold R = 14 μ m, α = 3 and thus r = 4.7 μ m, as shown in Fig. 4a , one gets the very high value of ω = 9.2, roughly double the one observed in carbon nanotube tactoids 29 . Although the anchoring strength is indeed expected to be high in our system, this value may suffer from the single constant approximation and should be taken cautiously (see Supplementary Information for the general case of
We found that the tactoids grew either through nucleation and growth of individual tactoids or through coalescence of neighbouring tactoids. The time series images in Fig. 4b show two examples representative of these processes: in the first case (top row), a nematic tactoid grows in size, relatively slowly, becoming a cholesteric tactoid. In the second case (lower row), two nematic tactoids collide, forming a single cholesteric droplet (see Supplementary Video 2). This provides direct evidence of the existence of a critical size for the nematic-cholesteric transition, as predicted by the energy functional.
To push the analysis further, the cholesteric pitch was evaluated from the average distance between positions of intensity maxima along a line perpendicular to the cholesteric bands (Fig. 4c ) and, combined with the analysis of the tactoid's long and short axis, this allowed us to determine a phase diagram for the presence of cholesteric droplets and to quantify the dependence of the cholesteric pitch on the size of the tactoid. The experimental results of this analysis, plotted in Fig. 4d , present two striking features.
First, a threshold for the occurrence of cholesteric droplets is experimentally confirmed. To verify whether this experimental threshold is consistent with our predictions based on the energy functional, one could rely, in principle, on the estimation given by equation (2) where P ∞ is 20 µ m, experimentally determined from the cholesteric bulk phase of the amyloid system. This approach, however, is very sensitive to the exact value of ω, and because ω is cubed, this may lead to considerable errors. Instead, we follow an alternative, more accurate approach to evaluate the change in surface energy when going from a parallel to an imperfect anchoring in correspondence of the bipolar-cholesteric transition and equalize this surface energy change to the corresponding change in bulk energy associated with the relaxation of bipolar tactoids into cholesteric droplets.
For a demixed colloidal suspension of rods of diameter D and length L, the interfacial energy can be calculated as 32 :
where δ is the interface thickness (in this case given from a nematic plus an isotropic part), ϕ the volume fraction of the colloidal dispersion and V particle the volume of an individual particle. When going from bipolar to cholesteric, the rods go from parallel anchoring to imperfect homogeneous orientation. The associated change in surface energy is thus = , as there is a difference of two orders of magnitude between L and D.
In the cholesteric phase, the isotropic part is still L, but δ nem in the droplet part needs to be averaged over all possible orientations of the rods. Following ref. 32 :
, where θ is the angle between the nematic director and the orthogonal vector to the surface. For imperfect homogeneous orientation, this term needs to be averaged over all the possible orientations on the surface, which, assuming spherical symmetry (a reasonable assumption given the low aspect ratio of the cholesteric droplets; see Fig. 5a and Supplementary Fig. 5 ), leads to 
This threshold is indicated in Fig. 4d as the thin blue vertical line and, in perfect agreement with the experiments, lies just below the observed cholesteric droplets. Second, the experimental evolution of the pitch of equilibrated cholesteric droplets indicates an asymptotic decrease of the periodicity upon an increase in droplet size until a bulk value P ∞ is achieved. Alone, the simplified scaling analysis considered for the free energy cannot capture this behaviour and suggests that additional subtle effects may require a more refined treatment. Figure 5a summarizes the phase diagram emerging from the combined experimental data and theoretical considerations for the observed nematic and cholesteric tactoids in amyloid fibril suspensions. The dispersions exhibit a remarkably rich phase diagram of polymorphic liquid crystallinity, in which order-order transitions are induced by size confinement of the droplets, following the sequences: (i) spindle-like tactoids with homogeneous field for
handedness determination of the cholesteric phase
, (ii) spindle-like tactoids with bipolar field for , prolate-and oblate-shaped tactoids may look identical when producing identical projected areas (indicated by the dashed red line). However, rotation around the long axis of the tactoid does not change the projected area for prolate tactoids (left), because this axis is also a revolution axis for this object, but does change the projected area of oblate tactoids (right), for which this is not a revolution axis, allowing identification of prolate axisymmetric droplets. b, Rotation of a cholesteric tactoid around the major axis parallel to the observation plane and passing through the poles of the droplet. c, Polarized optical micrograph (left) and reconstructed planes from laser scanning confocal microscopy of a cholesteric tactoid, demonstrating the internal structure of the droplet (scale bar, 20 μ m).
Articles
NaTUre NaNoTeCHNology With an accurate estimation of the anchoring strength, equation (2) can be taken as the bipolar-cholesteric threshold critical volume, which has an identical scaling form to equation (3) with K 2 , γ and q ∞ .
With the main features of the phase diagram rationalized through the scaling of the energy functional, we can now return to the question of chirality transfer across length scales. A simple prediction may be attempted based on the early work of Straley [33] [34] [35] , which predicts that hard chiral rods generate a cholesteric phase of the same handedness if the rod twist angle is below 45°, and with the inverted handedness for angles above. In our system, the characteristic twist angle of the amyloids is estimated to be 85° (see Supplementary Information for the derivation), suggesting handedness inversion. In cholesteric phases, however, handedness inversion is a complex process resulting from a subtle interplay of the topology of the filament, the linear charge density, the molecular sequence and the concentration.
For example, right-handed DNA has been shown to generate both right-handed and left-handed cholesteric phases, depending solely on concentration 36 or molecular sequence 37 . Different mechanisms have been invoked to explain chirality inversion, such as electrostatics 21 , molecular sequence-dependence 36, 37 and excluded volume interactions 38 .
To determine whether the final cholesteric droplets are left-or right-handed, we designed an experimental set-up in which the handedness of the cholesteric phase of tactoids could be directly determined. The sample cuvette was oriented at a 45° angle between the crossed polarizers (x and y axes in Fig. 5b ), so that tactoids with their cholesteric axis parallel to the y′ -axis display a maximal cholesteric band intensity. The rotation of the cuvette around the y′ axis is thus also a rotation of the tactoid around its cholesteric axis. This allows the determination of the handedness of the cholesteric phase by observing the rotation-induced movement of the cholesteric bands. A right-handed rotation of the cuvette as shown in Fig. 5c leads to a downward movement of the maximum intensity bands (see Supplementary Video 3). This is in agreement with the rotation and band movement observed for a right-handed helix, as schematically shown in Fig. 5d, Supplementary Fig. 3 and Supplementary Video 4, allowing us to conclude that the amyloid fibril cholesteric phase is right-handed. As expected, the bands shift by a distance P/4 owing to the rotation of approximately 90°. Because the amyloid fibrils have a left-handed chirality, a chirality inversion to right-handedness . The dark continuous line capturing the asymptotic decrease of cholesteric pitch with droplet size down to P ∞ is a guide for the eye only. As a dashed line, we also plot the boundary condition for observing cholesteric droplets, where for P/2 > 2r no cholesteric band can be observed within a tactoid (grey area above dashed line). The inset shows the statistical trend of the cholesteric pitch within the blue circles.
is observed for the amyloid cholesteric liquid crystalline phase. This example of a left-handed biological filament generating a righthanded cholesteric phase widens the known classes of cholesteric phases in which chirality inversion from right-handed colloids to left-handed cholesteric phases is typically observed [19] [20] [21] 36 .
Conclusion
To conclude, we have discovered the presence of cholesteric phases in amyloid fibril suspensions, revealing a rich phase diagram in which size confinement controls order-order transitions among homogeneous nematic, bipolar nematic and chiral nematic tactoids. We have used energy functional considerations to rationalize the main experimental findings. We have further shown an inversion of chirality from the left-handed amyloids to the righthanded cholesteric. This work introduces a new class of chiral biological nanomaterials and provides the basis for understanding its liquid crystalline transitions, possibly expanding the design of chiral mesophases, templates and self-assembled materials for bionanotechnology.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41565-018-0071-9. The theory predicts two threshold volumes determining the critical volume for the transition between homogeneous and bipolar nematic tactoids, and the transition between bipolar nematic tactoids and cholesteric tactoids. Data points for the tactoid aspect ratio versus volume are plotted as blue, purple and green squares for the homogeneous, bipolar and chiral nematic tactoids respectively. b, Rotation of the sample along its helical axis, oriented at a 45° angle to the direction of the polarizer and analyser, allows a determination of the handedness of the cholesteric phase through the observation of the movement of the cholesteric bands within the tactoid. c, The downward movement of the cholesteric bands reveals right-handedness for amyloid cholesteric droplets. d, A right-handed rod helix has been added for comparison, and the red coloured rods illustrate the movement of the maximum-intensity birefringence cholesteric band during the rotation.
